In this work, we study the photodissociation processes of small PAH clusters (e.g., pyrene clusters). The experiments are carried out using a quadrupole ion trap in combination with time-of-flight (QIT-TOF) mass spectrometry. The results show that pyrene clusters are converted into larger PAHs under the influence of a strong radiation field. Specifically, pyrene dimer cations (e.g., [C 16 H 10 −C 16 H 9 ] + or C 32 H 19 + ), will photo-dehydrogenate and photo-isomerize to fully aromatic cations (PAHs) (e.g., C 32 H 16 + ) with laser irradiation. The structure of new formed PAHs and the dissociation energy for these reaction pathways are investigated with quantum chemical calculations. These studies provide a novel efficient evolution routes for the formation of large PAHs in the interstellar medium (ISM) in a bottom-up process that will counteract the top-down conversion of large PAHs into rings and chains, and provide a reservoir of large PAHs that can be converted into C 60 and other fullerenes and large carbon cages.
1. INTRODUCTION Mid-infrared (IR) spectra of the interstellar medium (ISM) are dominated by broad features at 3.3, 6.2, 7.7, 8.6 and 11.2 µm that are generally attributed to IR fluorescence from UV-pumped Polycyclic Aromatic Hydrocarbon molecules (PAH) (Sellgren 1984; Puget & Leger 1989; Allamandola et al. 1989 ). In addition, the IR signatures of the fullerene, C 60 , have also been identified at 7. 2, 8.5, 17.4 and 19.0 µm (Cami et al. 2010; Sellgren et al. 2010) . Interstellar IR spectra also show evidence for the presence of PAH clusters and very small dust grains (Rapacioli et al. 2005a; Berné et al. 2007 ). PAHs and PAH clusters are ubiquitous and abundant, containing some 10 % of the elemental carbon in space. PAHs are thought to play an important role in the ionization and energy balance of the interstellar medium of the galaxy (Tielens 2008 , and references therein). Furthermore, the IR emission bands are also prominent in protoplanetary disks around young stars and thus an important component of the organic inventory of regions of planet formation (Taha et al. 2018; Doucet et al. 2007 ). Finally, PAH molecules, as well as C 60 , are known to be an important component of meteorites in the solar system (Becker et al. 1994; Sephton & Botta 2008) .
PAHs and related species are thought to undergo a complex chemical evolution in the harsh radiation field of PDR (Berné & Tielens 2012; Rapacioli et al. 2006) . In competition with ionization and IR fluorescence, highly excited PAHs may fragment (Leach 1986; Le Page et al. 2001; Zhen et al. 2016) . Under intense UV radiation, experiments show that this will lead to a complete stripjfzhen@ustc.edu.cn ping of the H's from a PAH followed by C-loss, ring & chain formation and conversion of some of the pure carbon flakes to cages and fullerenes (Zhen et al. 2014a,b) . As an intermediate step in this process, fragmentation and isomerization processes may convert PAHs and PAH clusters to large stable species; the so-called grandPAH hypothesis (Tielens 2013; Andrews et al. 2015; Zhen et al. 2018) . In this top-down chemical route towards molecular complexity in space, PAHs injected into the ISM by Asymptotic Giant Branch stars as part of the soot formation process (Frenklach & Feigelson 1989; Cherchneff et al. 1992) are broken down to smaller and smaller species (Berné & Tielens 2012; Tielens 2013; Zhen et al. 2014b ). Formation of PAHs (and fullerenes) from small hydrocarbons, in a bottom-up fashion, is highly inefficient in the ISM (Hendecourt et al. 1986; Bettens & Herbst 1997) . However, the UV-driven breakdown of PAHs may be counteracted in the ISM through energetic processing of PAH clusters. Specifically, laboratory studies of processing of van der Waals clusters of PAHs and fullerenes by energetic ions have revealed that direct knock-out of carbon atoms leads to the formation of chemically bonded large species (Delaunay et al. 2015; Chen et al. 2015; Zettergren et al. 2013) PAH clusters or related complex species (e.g., ionneutral dimers) are believed to be the self-assembled intermediaries between free gas-phase PAHs and amorphous carbon particles, and have been considered as an important role of the interstellar PAHs model (Allamandola et al. 1989; Rapacioli et al. 2005a Rapacioli et al. , 2006 Rhee et al. 2007 ). In the intense and high energy radiation field of photo-dissociation regions (PDRs), the concentration of PAH cations will be relatively high (Allamandola et al. 1985 (Allamandola et al. , 1989 ). Significant concentrations of ion-neutral dimers are likely to be present as well, in steady-state with the monomers, similar to the PAH neutral and ion balance (Allamandola et al. 1989; Bakes & Tielens 1998; Li & Draine 2001) . The neutral-ion dimer concentration will strongly depend on the flux of ionizing radiation (Darbon et al. 2000; Witt et al. 2006; Rapacioli et al. 2006) . Quantum chemical studies show that various PAH molecules can form cationic dimers with binding energies intermediate between normal van der Waals complexes and chemical bonds (Rhee et al. 2007; Dontot et al. 2016) . Interestingly, it is speculated that the fluorescence from PAH aggregates is the main cause of the extended red emission (a broad luminescence process in the ISM), and it is also the cause of widespread emission in sooting flames (Miller 2005; Rhee et al. 2007) .
It is clear that interstellar PAHs and PAH-related species are expected to be greatly influenced by strong radiation fields in space (Leach 1986; Verstraete et al. 1990; Bakes & Tielens 1994; Le Page et al. 2001) ). However, past experimental studies have focused on the top-down process and the issue of reformation of large PAHs under relevant interstellar conditions (i.e., the bottom-up process) has not received much attention. As these two processes will be in competition in space, both aspects must be considered at the same time. In this study, we investigate the photochemical processing of pyrene cluster cations. This paper is organized as follows: The experimental techniques are described in section 2, the experimental and theoretical results are analyzed and discussed in section 3 and 4, and the astronomical implications of the results are illustrated in section 5. In the end, a brief conclusion is provided in section 6 2. EXPERIMENTAL METHODS The experiments are performed using the instrument for Photo-dynamics of PAHs (i-POP) (Zhen et al. 2014a) . We have slightly modified the set up to facilitate cluster formation. In short, neutral PAHs are transferred from a powder into the gas phase through heating in an oven (around 305 K). An electron gun is applied to ionize the molecules. As a byproduct, some of the highly excited PAH may also lose an H-atom. A steel mesh (hole diameter ∼ 0.1 mm) is mounted on top of the oven to increase the local density of pyrene molecules, ions, and fragments. The increased density facilitates cluster formation. Recent studies on neutral, van der Waals bonded, acetylene clusters reveal that upon ionization, covalently bonded species are formed (Stein et al. 2017) . Supporting quantum chemical calculations show that, in this process, solvent acetylene molecules assist in the barrier crossing dynamics on the potential energy surface and provide evaporative cooling that dissipates excess internal energy and stabilizes products. A similar process may be at work in our experimental set-up, where neutral pyrene clusters are formed in the high density regime above the mesh. These are then ionized by the electron gun and the excess energy facilitates ion-molecule reactions between cluster-monomers. The cluster is then cooled by evaporation of remaining, van der Waals bonded cluster members, leaving the covalently bonded product behind. We expect that clusters that do not undergo ion-molecule reaction with covalent bond formation will fragment completely in their constituent monomers as, for small clusters, the van der Waals bonding between pyrene molecules is only ∼ 0.4 eV per molecule (Rapacioli et al. 2005b ). The ionized species are transported into the ion trap. After a short time delay (typically ∼ 0.2s), the SWIFT technique is applied to isolate species within a given mass/charge (m/z) range (Doroshenko & Cotter 1996) . The working pressures in QIT and TOF chamber are ∼ 8.0 x 10 −7 and ∼ 3.0 x 10 −9 mbar, respectively. The trapped ions are then irradiated by many (typically ∼ 5) pulses from a pulsed dye laser system. The content of the ion trap is then released and analyzed by a reflection TOF mass spectrometer. We have selected pyrene (C 16 H 10 , m/z=202; Aldrich, 98 %), for this study given its potential astrophysical interest (Tielens 2005) , and the presence of armchair and zigzag edges which may facilitate the formation of new molecules (Poater et al. 2007; Koskinen et al. 2008) . Typical experimental results are summarized in Fig. 1 and 2. 3. EXPERIMENTAL RESULTS AND DISCUSSION A typical mass spectrum of pyrene dimer complex cations, after SWIFT isolation but before laser irradiation, is shown in Fig.  1(A) . A series of the pyrene dimer complex cation is produced in our experimental condition.
The inset provides more detail on the isotopologues and fragments. Given the high abundances of 13 C containing pyrene dimer isotopologues (expected abundance ratio are 13 C 0 12 C 32 : 13 C 1 12 C 31 : 13 C 2 12 C 30 =70.2:25.0:4.3), the mass spectra should be interpreted with care. Integration and calculations are necessary to obtain the abundances of pure 12 C containing species. Following the method in (Zhen et al. 2014a . These values show that under our experimental conditions, the (van der Waals bonded) pyrene dimer cluster cation (2.2 %) is barely formed. The dehydrogenated pyrene cluster cations, i.e., partially Hstripped dimer ion species (pyrene dimer complex cation, e.g., C 32 H 19 + , m/z=403, 50.7 %) is the most abundant species. Fig. 1(B) shows the resulting mass spectrum of trapped pyrene dimer complex cations upon 595 nm irradiation at 0.2−1.0 mJ laser energies (irradiation times amounting to 0.5 s; i.e., typically ∼ 5 pulses). The mass spectra reveal a variety of fragment ions. The terminal photo-fragmentation pattern clearly depends directly on the incident radiation flux. The observed trend shows that, at low energy (e.g., 0.2 mJ), the pyrene dimer complex cations continue to dehydrogenate. With increasing laser energy, the peaks due to multiple fragmentation steps become more prominent and some fragmentation channels (carbon units loss) become accessible.
Further details on the photo-dissociation behavior of the pyrene dimer complex cations are presented in Fig.  2 , before laser irradiation and with 0.2 (lower laser energy) and 1.0 mJ (higher laser energy) irradiation. The dehydrogenation and carbon-unit loss behavior are illustrated in detail in Fig. 2(A) and Fig. 2(B) , respec- tively. As before, we have corrected for the presence of the 13 C isotopes in our analysis. In the range of m/z=401−406, we find that the intensity of dimers with odd number of H atoms is higher than those with even H numbers; e.g., the intensity of C 32 H 19 + , m/z=403, and C 32 H 17 + , m/z=401 are stronger than their neighbor, C 32 H 18 + , m/z=402. On the other hand, in the range of m/z=390−400, we observe that the intensity of dimers with even H atoms is higher than those with odd H's, e.g., the intensity of C 32 H 14 + , m/z=398 is stronger than its neighbors (C 32 H 15 + , m/z=399 and C 32 H 13 + , m/z=397). The different photochemical dehydrogenation behavior in these two regimes suggests that, after dehydrogenation, the pyrene dimer complex cations (e.g., [C 16 H 10 −C 16 H 9 ] + or C 32 H 19 + , m/z=403) convert to fully aromatic species (e.g., C 32 H 16 + , m/z=400), i.e., PAHs. We will compare these experimental results with theoretical calculation later.
After these first H-loss steps and the (putative) conversion to aromatic species, the subsequent fragmentation pattern is that of typical PAHs as exemplified in the oddeven H-loss pattern (Zhen et al. 2014b; Castellanos et al. 2018) . In addition, carbon (CH or C 2 H 2 ) loss channels are also identified in the mass spectra. Specifically, the fragments C 31 H 15 + , m/z=387 and C 30 H 14 + , m/z=374 are observed in Fig. 2 (A) already at 0.2 mJ laser energy. With the increasing laser energy (Fig. 2(A) , 1.0 mJ), further dehydrogenation products with carbon loss (e.g., C 30 H 8 + , m/z=368) are observed. In Fig. 2(B) , a series of sequential CH or C 2 H 2 loss and dehydrogenation photoproducts are observed in the range of m/z=216-432 at 1.0 mJ irradiation. We observe masses corresponding to C 32−m H n + with m = [0 − 10] and n = [0 − 8]. We emphasize that these ions are not fully dehydrogenated and no pure carbon clusters are produced. The intensity of C 32−m H n + with m = 2, 4, 6, 8, 10 is stronger than its neighbors C 32−m H n + with m = 1, 3, 5, 7, 9, which suggests that the C 2 H 2 loss channel is more favorable then the CH+CH loss channel or, alternatively, the second CH is more easily lost than the first CH (Ekern et al. 1998 ). This carbon unit loss fragmentation behavior is similar to PAHs with the same size such as diindenoperylene, C 32 H 16 ).
4. THEORETICAL CALCULATION RESULTS AND DISCUSSION The theoretical calculations are carried out using density functional theory (DFT) with the hybrid density functional B3LYP (Becke 1992; Lee et al. 1988 ) as implemented in the Gaussian 16 program (Frisch et al. 2016) . All structures are optimized using the 6-311++G(2d,p) basis set. The vibrational frequencies are calculated for the optimized geometries to verify that these correspond to minima on the potential energy surface (PES). The dispersion-corrected B3LYP-D3 (Grimme et al. 2011 ) is considered to account the intermolecular forces in pyrene clusters. For these specific dimer masses, only a regular dehydrogenation scheme applies (i.e., not the deviating aliphatic one). In Fig. 3 , we present the optimized structure of pyrene dimer complex cations that are likely formed in i-PoP, before and after laser irradiation and we suggest an evolution from the structures P 0 to P 1 (before irradiation) and P 1 to P 4 (after irradiation).
First of all, it is necessary to determine the molecular structure of the pyrene dimer complex cation, C 32 H 19 + , m/z=403, which we choose as starting point and assume that the smaller ones are dissociation products. On the basis of the theoretical calculations, we consider that the structure of C 32 H 19 + is that of two mono-pyrenes connected by a C−C single bond (as [C 16 H 10 −C 16 H 9 ] + ), where one carbon is in a sp 2 hybrid orbital, and the other carbon is in a sp 3 hybrid orbital with one C-H bond. The optimized carbon skeleton of these two pyrenes are not in the same plane, but form a three-dimensional structure, as shown in Fig. 3 (P 1 ). This radical cation is not completely aromatic, in agreement with our interpretation of the experimental photo-dehydrogenation results.
Since the density of neutral and ionic pyrene is higher in the ionization zone of i-PoP, the possible formation pathway of C 32 H 19 + could be the interaction of neutral pyrene with a dehydrogenated pyrene cation. In the C 32 H 19 + formation process, there are three isomers of . From left to right, the optimized structures from P 0 , to P 1 (C 32 H 19 + ), to P 2 (C 32 H 18 + ), to P 3 (C 32 H 17 + ), to P 4 (C 32 H 16 + ). The arrows are labeled by the dissociation energies of the dimer or the H-losses in these the reactions. the dehydrogenated pyrene cation (C 16 H 9 + ; and three relative orientations of the neutral pyrene (C 16 H 10 ) with respect to the dehydrogenated site of the pyrene cation available. As a result, there might be nine different possible isomer structures for the single C−C carbon band formation, linking the neutral and the cation in the resulting dimer, C 32 H 19 + . One typical isomer structure is illustrated in fig. 3 . The lowest energy formation pathway, P 0 −→ P 1 , is exothermic (−2.95 eV).
In the subsequent dissociation pathway initiated by the laser, P 1 to P 4 (Fig. 3) , there is an activation energy of 1.81 eV for H loss from the aliphatic carbon (from P 1 to P 2 ). In contrast, H loss from the pure aromatic carbon rings takes around 5.0 eV, (Chen et al. 2015) . The next steps have an activation energy of 2.57 eV for H loss and formation a CC bond (from P 2 to P 3 ) and an activation energy of 2.34 eV for H loss from the aliphatic carbon (from P 3 to P 4 ), respectively.
As showed in fig. 3 , once the pyrene dimer complex cation (e.g., P 0 ) formed, with visible laser irradiation, the photo-process from P 1 to P 4 goes very efficiency, since the energy barrier for each step is lower (1.81, 2.57 and 2.34 eV) compare to the H-atom loss from pure aromatic carbon rings (5.0 eV). Mainly reason is the whole photo-process or the dehydrogenation process as an aromatization process, which will favor the conversion efficiency from P 1 to P 4 , and favor the large PAHs formation through this routine. More theoretical studies regarding the possible transition states and dynamical processes will be discussed in a subsequent paper (Chen et al. 2018, in prep.) .
In addition, here, we stress that given the different isomeric starting structures of the C 32 H 19 + dimer, there might be five planar isomer structures of C 32 H 16 + ( fig.  4) , reflecting the molecular structure of pyrene with its two type of edge structures, zigzag and armchair. Thus, P 4 (1) and P 4 (2) is formed by combining one pyrene zigzag edge with another pyrene zigzag edge, while P 4 (3), P 4 (4) and P 4 (5) are formed by combining one pyrene zigzag edge with one pyrene armchair edge. This illustrates the important role of the PAH edge structure in the bottom-up evolution routes towards large PAHs.
5. ASTRONOMICAL IMPLICATIONS In summary, the experiments reveal a bottom-up formation process of large PAHs from clustered small PAHs (e.g., pyrene) and provide new insights into the evolution of PAHs in strong radiation fields. Consider the prototypical PDR in the reflection nebula, NGC 7023, observations show that some 3 % of the elemental carbon is locked up in PAH clusters deep in PDRs, such as NGC 7023 (Rapacioli et al. 2005a; Tielens 2008) . The young Herbig Be star, HD 200775, has created a cavity in the surrounding cloud that is broken open to the surrounding ISM (Fuente et al. 1998 ). The strongly illuminated molecular cloud to the North shows the characteristics of a bright PDR with prominent emission in the rovibrational and pure rotational H 2 lines, the atomic finestructure lines of [CII] and [OI] , and typical molecular tracers of PDRs Martini et al. 1997; Fuente et al. 1998 ). The mid-IR emission from this region is dominated by the well-known PAH emission bands. Analysis of these spectra reveals three distinct emission components and the characteristics of these components have been attributed to PAH cations, PAH neutrals, and PAH clusters, respectively (Berné et al. 2007 ). These components show different spatial distributions in this source and present a prime example of PAH evolution. This data has been interpreted that, as the gas flows through the PDR and into the cavity, it is exposed to increasingly stronger radiation fields. As a result, first, PAH clusters will fall apart. Subsequently, PAHs are converted into their most stable forms (GrandPAHs), and then destroyed or converted into C 60 and other cages (Berné & Tielens 2012; Zhen et al. 2014b; Andrews et al. 2015) . The experiments presented here modify this scenario by introducing the conversion of van der Waals bonded PAH clusters into larger PAHs as a process counteracting the general decrease in PAH size in this flow.
Studies of the typical size of the emitting PAHs have revealed a complex PAH size evolution with distance from the illuminating star in the PDR of NGC 7023 (Croiset et al. 2016) . This size evolution is accompanied by an evolution in the aliphatic-to-aromatic ratio as evidenced in the 3.4/3.3 µm ratio. This spectral evolution has been interpreted as evidence for photo-processing of PAH clusters leading to the formation of (large) PAHs with aliphatic side groups deep in the PDR and loss of these aliphatic groups closer to the surface of the PDR (Pilleri et al. 2015) . The large PAH formation mechanism obtained in here maybe stand for the point of PAH clusters evolution. Further observational and experimental studies are required to address these links.
6. CONCLUSIONS We have presented the first experimental results on the conversion of small PAH clusters (e.g., pyrene clusters) to large PAHs process in the gas phase under the influence of laser irradiation. We summarize our results as follows:
(1) Our experiments reveal a general, photo-driven process that converts PAH-clusters into large PAHs. This photo-processing provides a reasonable explanation for the formation of large PAHs in space; (2) The formation of large PAHs from PAH-related clusters in ISM is very efficient, as it boils down to an aromatization process; (3) Quantum chemical calculations demonstrate that PAH edges (e.g., armchair and zigzag edges) play an active role in the formation process and control the specific PAHs formed. Consequently, the structure of large PAHs initially formed by this process is diverse. Subsequent photo-processing may further weed down those PAHs to their most stable forms. Further experimental studies are warranted, as the result presented in here only can apply to small PAH clusters, the photo-dissociation process of larger PAH clusters is still valid.
